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Introduction 22
Salmonella enterica serovar Typhimurium (S. Typhimurium) is one of the best 23 understood bacterial pathogens, and a major cause of gastroenteritis globally. One 24 sequence type of S. Typhimurium, ST313, is the primary cause of invasive non-25 typhoidal Salmonellosis (iNTS) across Africa, resulting in ~388,000 deaths each year 1 . 26 Co-infection with HIV or malaria infection and young age (<5 years of age) are known 27 risk factors for iNTS infection 1,2 . 28 Multi-drug resistance (MDR) has contributed to the expansion of S. Typhimurium 29 ST313. Whole-genome sequence-based phylogenetics revealed clonal replacement 30 of ST313 lineage 1 by lineage 2 in the mid-2000s, accompanied by the acquisition of 31 chloramphenicol resistance 3 . The ST313 clade has recently acquired resistance to 32 ceftriaxone, a first-line antibiotic for MDR bacterial infections 4 . Genomic comparison 33 between the 'classical' gastroenteritis-associated S. Typhimurium ST19 and the 34 African ST313 isolates shows that gene content and synteny are highly conserved, 35 that ST313 has a distinct repertoire of plasmids and prophages, and carries 77 36 pseudogenes reflecting a degree of genome degradation 5,6 . ST313 and ST19 share 37 >4,000 genes, and their core genomes differ by about 1,150 SNPs 4 . We have reported 38 that 2.7% of the S. Typhimurium isolated from patients in England and Wales are 39 ST313, but lack the characteristic prophages BTP1 and BTP5 that are signatures of 40 African ST313 lineages 7 . 41 Certain virulence-associated phenotypes have been examined in ST313 strains. 42
Compared with the ST19 group of gastroenteritis-associated S. Typhimurium, ST313 43 is more resistant to complement-mediated killing by human serum 8, 9 and to 44 macrophage-mediated killing 10 . ST313 exhibits a stealth phenotype during 45 macrophage infection consistent with an immune evasion strategy that causes 46 reduced levels of IL-1β cytokine production, apoptosis and Caspase-1-dependent 47 macrophage death 10, 11 . 48
We used a functional genomic approach to search for single nucleotide 49 polymorphisms responsible for the increased virulence of S. Typhimurium ST313 50 lineage 2. 51 Page | 4 Results 52
The reference strain for S. Typhimurium ST313 lineage 2 is D23580, which was 53 isolated from an HIV-negative Malawian child 5 . The strain 4/74 was isolated from a 54 calf in the UK and is a well-characterised representative of S. Typhimurium ST19. Our 55 challenge was to identify which, if any, of the >1000 SNPs that separate strains 56 D23580 and 4/74 serve to differentiate the strains in terms of gene expression and 57 phenotype. We investigated whether the emergence of the epidemic clade of S. 58
Typhimurium ST313 was linked to the altered expression of a core genome-encoded 59 virulence factor. Rather than focusing on a comparison of the core genome, we used 60 comparative transcriptomics to identify transcripts that were both expressed at 61 different levels and associated with a distinct SNP in the promoter region. 62
This study built upon the primary transcriptome of S. Typhimurium ST19 strain 4/74 63 which we determined using a combination of RNA-seq and differential RNA-seq 64 (dRNA-seq) under multiple infection-relevant growth conditions 12, 13 . By working at the 65 single-nucleotide level, we defined transcriptional start sites (TSS), and catalogued 66 the transcripts expressed in the bacterial cell 14, 15 . Here, we used the same approach 67 to define the primary transcriptome and to identify the transcriptional start sites (TSS) 68 of D23580, a representative strain of African S. Typhimurium ST313. RNA was 69 isolated from in vitro growth conditions that reflect the extracellular and intracellular 70 stages of infection, namely early stationary phase (ESP) and the SPI2-inducing 71 condition (InSPI2) (Methods). To find all relevant TSS, a pooled sample containing 72 RNA from 16 environmental conditions was also analysed 13 (Methods). TSS were 73 identified by comparison of mapped sequence reads from each pair of dRNA-seq and 74 RNA-seq samples as described 12,13,15 . We identified 3,597 TSS for S. Typhimurium 75 strain D23580, revealing the active gene promoters across the genome of an ST313 76 isolate for the first time. Previously, we reported the locations of 3,838 TSS for the 77 ST19 strain 4/74 12 . Categorisation of the TSS into different classes showed that a 78 similar proportion of transcription initiation sites of 4/74 and D23580 were designated 79 as primary (61%) or antisense (11%) ( Figure 1A ). 80
We determined the level of conservation of transcriptional organisation between 81 D23580 and 4/74 by identifying the TSS shared between the two strains. The locations 82 of the majority of the TSS defined for strain 4/74 were conserved in strain D23580.
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Specifically, of the 3,838 TSS of strain 4/74, 390 were absent from D23580 and 84 included TSS located in the 4/74-specific regions of prophages sopEΦ and Gifsy-1 85
( Supplementary Table 1g ). We identified 63 D23580-specific TSS, mainly located in 86 the BTP1 and BTP5 prophages of D23580 which are absent from strain 4/74 5,6 87 ( Supplementary Table 1d ). 88
To benchmark the transcriptional architecture, we first focused on Salmonella 89
Pathogenicity Islands SPI1 and SPI2 which are required for key aspects of Salmonella 90 virulence 16 . The locations of all TSS within the SPI1 and SPI2 islands were identical 91 in strains D23580 and 4/74 (Figures 1B, Supplementary Table 1c ). In summary, two 92 closely-related S. Typhimurium strains that varied by ~1,500 SNPs at the core genome 93 level had a high level of conservation at the transcriptional level and shared 90% of 94 promoter regions ( Supplementary Table 1a ). 95
To address our hypothesis that the level of expression of certain virulence genes 96 varied between strains D23580 and 4/74 due to changes at the DNA sequence level, 97 we cross-referenced the SNP differences between the two strains with the locations 98 of the TSS. We identified 19 TSS which were associated with nucleotide 99 polymorphisms in the -40 to -1 region of the 2,211 primary TSS of D23580 100 ( Supplementary Table 3 ). We compared the expression level of each promoter 101 between 4/74 and D23580, in 3 growth conditions, to identify the SNPs responsible 102 for transcriptional changes. A SNP at the -12 position of the pgtE TSS, was associated 103 with an average 11-fold increase in TSS expression in D23580 compared to 4/74 104 ( Supplementary Table 3 ), and we investigated this experimentally. 105
Identification of a nucleotide that modulates expression of the PgtE virulence 106
factor 107 PgtE is an outer-membrane protease that belongs to the Omptin family 17 , cleaves and 108 mediates resistance to alpha-helical antimicrobial peptides, and also disrupts the The promoter and coding regions of the pgtE gene were compared between D23580 116 and 4/74 at the DNA sequence level, and differed by 2 SNPs. One SNP was identified 117 in the coding region of pgtE at nucleotide location 2,530,498 in D23580 (2,504,548 in 118 4/74) generating a synonymous mutation [T54 (ACT) in 4/74 T54 (ACC) in D23580]. 119
The other SNP was located in the promoter region; the -12 nucleotide (relative to the 120 +1 of the TSS) was C in 4/74 (C 4/74 ) and T in D23580 (T D23580 ) ( Figure 1C ). This T 121 nucleotide in the -10 motif is a highly conserved element of highly-expressed 122 sigma70-dependent promoters 13 . We analysed the functional role of T D23580 in the 123 We speculate after the pathogen exits macrophages, the high level of expression of 170 PgtE in S. Typhimurium ST313 strain D23580 interferes with opsonisation and 171 increases resistance to complement-mediated serum killing. 172
Assessment of PgtE-mediated virulence in the chicken infection model 173
Because S. Typhimurium ST313 has a hyper-invasive phenotype during chicken 174 infection 32 , this infection model was used to assess the virulence of the wild-type Page | 8 pgtE P4/74 SNP strain and the D23580 ΔpgtE strain showed significant attenuation in 177 comparison to D23580 wildtype (P=0.0035 and P=0.0379, respectively), based on two 178 independent repeats of the experiment ( Figure 3C ). The data show some bird-to-bird 179 variation between all three tested isolates, which is likely a consequence of the oral 180 route of infection and the use of a commercial outbred chicken line. However, overall 181 the results showed that exchange of the T D23580 SNP to the C 4/74 genotype resulted in 182 lower median bacterial numbers and a reduced number of animals with splenic 183 infection, equivalent to that seen in the absence of PgtE (10/19 for D23580 compared 184 to 2/19 for D23580 pgtE P4/74 and 4/19 for D23580 ΔpgtE). We conclude that PgtE is 185 required for successful infection of the chicken, and that full virulence of D23580 186 requires the high levels of expression of PgtE driven by the T D23580 nucleotide. 187
The pgtE promoter SNP is only carried by African ST313 lineage 2, and not 188 We propose that the high level of PgtE activity in D23580, together with the inactivated 243 sseI effector gene 39 and the acquisition of chloramphenicol resistance 3 , has been a 244 factor in the success of epidemic ST313 lineage 2 . 245 A pre-requisite for PgtE activity is the remodelling of LPS that occurs during intra-246 macrophage replication that results in shortening of the oligosaccharide chains 21 . S. 247
Typhimurium bacteria produce high levels of pgtE transcript inside host 248 macrophages 25,26 , and PgtE protease activity is high in bacteria released from infected 249 macrophages 21 . Therefore the pgtE T D23580 SNP represents a putative mechanism for 250 priming intracellular bacteria for an extracellular lifestyle, and the survival of 251 complement-mediated attack by the innate immune system. The opsonic activity of 252 complement has been shown to be essential for phagocyte-mediated killing of 253
Salmonella in the blood of African people 40 and therefore our data are consistent with 254
Page | 11 the hypothesis that subversion of complement activity contributes to the pathogenesis 255 of invasive non-typhoidal Salmonella in Africa. 256
The T D23580 SNP in the -10 motif of the pgtE promoter causes increased PgtE protease 257 activity, and was an early evolutionary event in an ancestor of ST313 lineage 2 which 258 primed the emergence and dominance of ST313 lineage 2 in iNTS disease across sub 259 Saharan Africa.
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Material and methods 261
Bacterial strains, growth conditions 262
Salmonella enterica serovar Typhimurium (S. Typhimurium) strain 4/74 (accession 263 number CP002487), a representative of non-typhoidal Salmonella sequence type 19, 264 and D23580 (accession number FN424405), a representative strain of non-typhoidal 265
Salmonella sequencing type 313 (ST313) were used in the study. Strain D23580 was 266 isolated from an HIV-negative child from Malawi with blood stream infection, and use 267 of this strain has been approved by the Malawian College of Medicine (COMREC 268 ethics number P.08/14/1614). Other wild-type strains belonging to ST19 and ST313 269 used in this study are listed in Supplementary Table 5 . 270
All environmental growth conditions were repeated exactly as previously described 12 271 with the exception that the 'pool' sample was obtained by pooling RNA from 16 272 environmental conditions (EEP, MEP, LEP, ESP, LSP, 25°C, NaCl shock, Bile shock, 273
Low Fe 2+ shock, Anaerobic shock, Anaerobic growth, Oxygen shock, NonSPI2, 274
InSPI2, Peroxide shock (InSPI2) and Nitric oxide shock (InSPI2) 12 . 275
When required, Lennox broth (LB) was supplemented with the following antibiotics: 276 chloramphenicol (Cm), 25 µg/ml; kanamycin (Km), 50 µg/ml, tetracycline (Tc), 20 277 µg/ml and gentamicin (Gm), 20 µg/ml. 278
Preparation of cDNA libraries and Illumina sequencing 279
Prior to RNA-seq, total RNA was extracted using Trizol, and treated with DNase I as 280 described previously 13 . RNA integrity was inspected visually with the Bioanalyzer 281 (Agilent technologies). Contaminating DNA was removed using DNase I (Ambion) and 282 RNA samples were not ribo-depleted prior to cDNA library construction. cDNA library 283 construction, TEX-treatment for dRNA-seq (ESP, InSPI2 and pooled sample) and 284
RNA-seq with the Illumina HiSeq platform was carried out by Vertis Biotechnologie, 285
Germany. All protocols were identical to those used previously 12,13 . Sequence reads 286 were mapped against the S. Typhimurium D23580 reference genome using 287 Segemehl, with accuracy set to 100% 43,44 . RNA-seq and dRNA-seq data can be 288 downloaded as raw reads (.fastq file format) the GEO database accession 289 number XXXXXXXX. 290
Identification of Transcriptional Start Sites by a combination of RNA-seq and 291

dRNA-seq
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Methods used to assign TSS in D23580 have been described previously 13 . Briefly, a 293 TSS was assigned when it was enriched in one of the dRNA-seq libraries (ESP, InSPI2 294 or Pool) compared with the corresponding RNA-seq library, and was linked to an 295 expressed transcript. This analysis was followed by a second step of validation, in 296 which the Transcripts Per Million (TPM) approach 45,46 was used to calculate an 297 expression value for the first 10 nucleotides associated with each TSS, designated the 298 Promoter Usage Value (PUV) 13, 26 . A TSS was considered to be expressed when the 299 PUV was 10. A TSS was defined as 'conserved' between D23580 and 4/74 if the 300 TSS nucleotide sequence was present in both strains, and the PUV value of the TSS 301 was 10. 302
Identification of TSS-located SNP mutations associated with different levels of 303 transcript expression in D23580 and 4/74 304
A list of SNP differences between the D23580 and 4/74 reference genomes 305 (accessions FN424405 and CP002487) was generated using NUCmer 47 resulting in 306 1,488 SNPs and small indels ( Supplementary Table 2 ). We identified the SNPs located 307 within the -40 to -1 region of primary TSSs in D23580 (primary = primary + primary/as 308 + primary/internal) (Supplementary Table 1 , Supplementary Table 3 ). PUV values for 309 each promoter in D23580 and 4/74 13 were used to analyse the activity of the 310 promoters associated with SNP differences in the -40 to -1 TSS region. 311
Bacterial strain construction using λ red recombineering 312
All the bacterial strains and plasmids used and constructed in this study are described 313
in Supplementary Table 5 and the ssDNA oligonucleotides (primers) in Supplementary 314 Table 6 . 315
The ΔpgtE, ΔwaaG and pgtE-FLAG mutations were constructed in S. Typhimurium 316 ST19 and ST313 strains using the standard λ red recombination methodology 48 . The 317 heat-inducible λ red recombineering plasmid pSIM5-tet was used and the induction of 318 the λ red operon was achieved by heat treatment (42°C, 15 min) of bacterial cultures 319 grown to mid-exponential phase (OD600 0.3-0.4 at 30°C) in LB supplemented with Tc 48-320 50 . After recombination 48-50 , all the genetic constructs (except the ΔwaaG::Kan 321 mutation) were transferred into a clean wild-type background by phage transduction, 322 using the P22 HT 105/1 int-201 51 as previously described 6 . When required, the Page | 14 antibiotic resistance cassettes were flipped-out using the FLP recombinase 324 expression plasmid pCP20-TcR 52 . 325
The pgtE gene was deleted in S. Typhimurium using PCR fragments generated with 326 the primers DH95 and DH96 and the template plasmids pKD4 and pKD3. The resulting 327 fragments, carrying respectively the Km resistance (Kan) or the Cm resistance (Cam) 328 cassettes were respectively electroporated into D23580 and 4/74 carrying pSIM5-tet 329 and recombinant ΔpgtE::Kan/Cam mutants were selected on Km or Cm LB agar 330 plates. Finally, the mutations were transduced in the corresponding wild-type strain 331 and the resistance cassette was removed, as described above. Similarly, waaG was 332 inactivated using the primers del_waaG_F and del_waaG_R and pKD4 as template. 333
The FLAG-tagged strains were generated using a forward primer (DH93) which 334 included the region homologous to pgtE end ('pgtE), the nucleotide sequence 335 encoding the FLAG octa-peptide in frame with the pgtE coding region, the pgtE stop 336 codon and a region homologous to the resistance cassette (Song, Kong et al. 2008) . 337
The 'pgtE-FLAG-Kan and 'pgtE-FLAG-Cam modules were amplified by PCR using 338 respectively pKD4 and pKD3 and primers DH93 / DH94. The resulting amplicons were 339 respectively electroporated into S. Typhimurium ST313 (except A130) or ST19 (and 340 A130) strains, carrying all pSIM5-tet and recombinants were selected on Km or Cm 341 LB agar plates. The insertions were then transduced in to the corresponding wild-type 342 strains and the resistance cassettes were removed, as described above. 343
Construction of scarless single nucleotide substitution mutants 344
Two different methods were used to construct single nucleotide mutants. The single 345 nucleotide T→C substitution in the pgtE promoter of S. Typhimurium D23580 was 346 constructed using a single stranded DNA (ssDNA) recombineering approach, as has 347 been previously described 53 . The protocol was identical to that used for construction 348 of mutants using λ red recombineering (described above) except that 400 ng of the 349 manufactured primer DH90), (HPLC purified) were used in the transformation reaction. 
Complement Factor B cleavage assay 418
The Complement Factor B cleavage assay was carried out as described 19 , with the 419 following modifications. Bacterial strains were grown overnight in LB at 37°C.
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Overnight culture was pelleted by centrifugation and washed twice in PBS. Two OD600 421 (in 200 μl PBS containing 33 ng/μl of Complement Factor B) were incubated at 37°C 422 in a heat block with agitation (700 rpm) for two hours and subsequently pelleted by 423 centrifugation. Sixty-six ng of Complement Factor B were separated on an SDS-424 PAGE, prior to Western blotting as described above. 425
Serum bactericidal assays 426
Serum bactericidal assays were performed four times using a modification of the 427 previously described method 55 . Briefly, bacteria were grown to OD600= 2 in 5 ml of LB 428 at 37°C and re-suspended in PBS to a final concentration of 10 7 CFU/ml; 10 µl was 429 then mixed with 90 µl of undiluted pooled healthy human serum at 37°C with shaking 430 (180 rpm), and viable counts determined. Killing was confirmed to be due to the activity 431 of complement by using 56°C heat-inactivated serum as a control. 432 were available (all strains and accession numbers are given in Supplementary Table  454 2). Additionally 84 reference genomes were downloaded from NCBI that represent the 455 known diversity of the Salmonella genus. Core genome SNPs were identified using 456 the PanSeq package 59 and a maximum likelihood phylogenetic tree was constructed 457 from the concatenated SNP alignment using PhylML 60 . BLASTn was used to identify 458 the genotype of the pgtE TSS -35 region nucleotide in all genomes (Supplementary 459 
Chicken infection experiments
